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Abstract—In this paper, we analyze the symbol error rate
(SER) performance of the simultaneous wireless information and
power transfer (SWIPT) enabled three-node differential decode-
and-forward (DDF) relay networks, which adopt the power
splitting (PS) protocol at the relay. The use of non-coherent
differential modulation eliminates the need for sending training
symbols to estimate the instantaneous channel state informations
(CSIs) at all network nodes, and therefore improves the power
efficiency, as compared with the coherent modulation. However,
performance analysis results are not yet available for the state-of-
the-art detectors such as the approximate maximum-likelihood
detector. Existing works rely on Monte-Carlo simulation to show
that there exists an optimal PS ratio that minimizes the overall
SER. In this work, we propose a near-optimal detector with
linear complexity with respect to the modulation size. We derive
an accurate approximate SER expression, based on which the
optimal PS ratio can be accurately estimated without requiring
any Monte-Carlo simulation.
Index Terms—SWIPT, non-coherent detection, decode-and-
forward, relay networks, performance analysis
I. INTRODUCTION
The radio frequency (RF) signal has been widely used as
the carrier for wireless information transmission (WIT). It
has also become a new source for energy harvesting (EH)
in the wireless power transfer (WPT) process [1]. In recent
years, simultaneous wireless information and power transfer
(SWIPT) has emerged as a promising technology to use the
RF signal for WIT and WPT at the same time [2]. SWIPT
is an essential technology for various wireless systems to
support different applications (see [3] and references therein),
for example, for 5G communications to support the Internet
of Things (IoT) applications [4]. Most of the devices deployed
in the IoT networks are of small sizes and low-powered, and
harvesting energy from the RF signals can be a sustainable
solution to provide them with convenient energy supplies [5].
In the SWIPT-enabled relay networks, the relay plays both
the roles of EH for WPT and information processing for WIT.
Two main receiver architectures are available for practical
use at the relay [6], namely, the power splitting (PS) and
time switching (TS) architectures. For the PS protocol, the
received signal is separated in two portions which are used
for EH and information processing operations, respectively.
For the TS protocol, these two operations are performed in a
time-division fashion.
This work was supported by the Hong Kong Research Grants Council
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One of the key challenges in the SWIPT-enabled relay
networks is that the RF-powered relay nodes are energy-
constrained, which restraints the use of high power con-
sumption coding and decoding, modulation and demodulation
techniques. The existing works, such as [1] [7] [8] [9], use
a coherent setup and assume that the instantaneous channel
state informations (CSIs) are available at the receiving nodes.
However, to acquire the instantaneous CSIs requires frequent
channel estimations, which causes additional power consump-
tion and is not friendly for such energy-constrained networks.
Moreover, the additionally consumed power has negative
impact on the future data relaying when the total power
budget is fixed [10]. To address this issue, the power-efficient
non-coherent differential modulation (DM) technique, which
eliminates the channel estimation requirements, has become
an attractive solution.
Several works have been done to study the performance of
SWIPT-enabled differential decode-and-forward (DDF) and
amplify-and-forward (DAF) relay networks in the literature
(see [10]–[13]). In the information-theoretic perspective, for
DAF, several performance metrics were studied in [11], such
as the outage probability, achievable throughput and average
symbol error rate (SER). The performance of selection com-
bining was studied in [12]. In the communication-theoretic
perspective, the SER performances of the maximum likeli-
hood detectors (MLDs) based on the PS and TS protocols
were studied in [13] and [10], respectively for DAF and
DDF relay networks, and the approximate MLDs with lower
complexities were also obtained. These detectors serve as
good performance benchmarks. However, their performance
analysis results are not yet available in the literature, and the
SERs of the respective systems were studied via Monte-Carlo
simulation [11]. This is possibly due to the non-closed-form
detection metrics of the detectors. For example, the metrics
involve functions such as the modified Bessel function of the
second kind, and even integral calculation.
To the best of our knowledge, for such SWIPT-enabled
DDF relay networks, the SER analysis associated with a near-
optimal detection scheme has not been studied in the litera-
ture. Motivated by this, we propose a near-optimal detector
with a closed-form metric whose SER performance closely
approaches that of the MLD in [10], adopting the PS protocol
at the relay. For the SER analysis, an accurate approximate
SER expression is derived. In addition, we propose two
methods to numerically estimate the optimal value of the PS
Fig. 1: The system model of the 3-node SWIPT-enabled PS-
based DDF relay network, where the solid and dashed arrow
lines denote the information and the power flows, respectively.
ratio that minimizes the SER, and both methods are verified
by simulations to be quite accurate.
The rest of the paper is organized as follows. Section II
presents the system model. The detector and approximate
SER expression are proposed in Section III. Section IV
analyzes this expression and studies the optimal PS ratio.
Section V presents simulation results followed by conclusions
in Section VI. Related proofs are provided in the Appendix.
Notation: pX(X) denotes the probability density function
of the random variable X , and Pr[X ] is the probability
of an event X . E[X ] represents the expected value of X .
Re{x} denotes the real part of a complex number x. Q(x) ,
1√
2π
∫∞
x exp(−z2/2)dz.
II. SYSTEM MODEL
We consider a 3-node SWIPT-enabled PS-based DDF relay
network with one source (S), one half-duplex relay (R) and
one destination (D). The system model is shown in Fig. 1,
where the information and power flows are shown using
the solid and dashed arrow lines, respectively. Assume R
has no CSI, while D has only the statistical CSI of the
S − R link but no CSI of the other links. S and D have
dedicated energy sources such as a battery or power grid, and
S transmits its message with a constant power Ps. However,
R has no power supply and can only harvest energy from
the received signals from S for detection and transmission.
For the I − J link, (I, J) ∈ {(s, r), (s, d), (r, d)}, assume
small-scale Rayleigh fading hI,J and large-scale path loss
LI,J . Let vIJ,1 ∼ CN (0, NIJ,1) denote the complex additive
white Gaussian noise (AWGN) at the receive antenna and
vIJ,2 ∼ CN (0, NIJ,2) denote the complex AWGN due to the
circuit.
One symbol transmission consists of two time slots each
with duration Ts =
T
2 . In the first time slot, S transmits its
signal to R and D. In the second time slot, R transmits its
detected symbol to D while S remains silent. Differential
PSK (DPSK) is used. Let S select a symbol xs from the M -
PSK alphabet, defined as X , {xm = ej2π(m−1)/M ,m =
1, 2, · · · ,M}, with equal probability. xs is differentially
encoded as us for transmission, and R uses the same ap-
proach to encode xr as ur for transmission. For the k-th
symbol, we can write the differential encoding operation as
uI [k] = uI [k − 1]xI [k], I ∈ {s, r}, k = 1, 2, 3, · · · , with the
initialization symbol defined as uI [0] = 1 (c.f. [10]).
The PS protocol is used at R for EH with the PS ratio
̺ ∈ (0, 1). Specifically, R splits its received signal from S
into two portions, a ̺ portion for EH and a 1− ̺ portion for
information detection (ID). We use the linear EH model here
for simplicity, and leave the study of the non-linear model
(such as that described in [14]) as future work. The harvested
power at R is Pr =
δ̺PsLs,r|hs,r|2Ts
Ts
= δ̺PsLs,r|hs,r|2 with
δ ∈ (0, 1] as the relay power conversion efficiency. The impact
of the quality of the S − R link on the transmission of the
R−D link is obvious since the relay transmission power Pr is
directly affected by the term Ls,r|hs,r|2, which is a measure
of the S − R link quality. Received signals at R for ID and
at D are
ys,r[k] =
√
(1− ̺)PsTsLs,rhs,rus[k]+√
1− ̺vsr,1[k] + vsr,2[k], (1)
yI,d[k] =
√
PITsLI,dhI,duI [k]+
vId,1[k] + vId,2[k], I ∈ {s, r}. (2)
For DM, by assuming the channel coefficients remain
unchanged for at least two consecutive symbol intervals, the
received signals can also be written as
yI,J [k] =yI,J [k − 1]xI [k] + nI,J , (3)
where ns,r =
√
1− ̺vsr,1[k] + vsr,2[k] −
xs[k](
√
1− ̺vsr,1[k − 1] + vsr,2[k − 1]) ∼ CN (0, 2(1 −
̺)Nsr,1 + 2Nsr,2), and nI,d = vId,1[k] + vId,2[k] −
xI [k](vId,1[k− 1]+ vId,2[k− 1]) ∼ CN (0, 2NId,1+2NId,2).
Note that for the detection at R, we adopt [10, eq. (27)],
which is performed based on the relation of the two
consecutively received symbols as shown in (3), and thus
requires no CSI of the S −R link.
III. PROPOSED DETECTOR AND APPROXIMATE SER
A. Proposed Detector at the Destination
The optimal MLD for DM should find the source sym-
bol that maximizes the conditional joint probability density
of the received signals as maxxs∈X f(ys,d[k]|xs, ys,d[k −
1])
∑
xr∈X Pr(xr|xs)f(yr,d[k]|xr, yr,d[k − 1]).
By using the average SER (denoted as ǫ) of ID at R
[10, eq. (33)] to approximate the transition probability term
Pr(xr|xs), and applying the widely-used max approximation,
which gives the excellent performance, especially at high
SNR (c.f. [15], [16], [17]), we obtain a near-optimal detection
metric as
max
xs∈X
{f(ys,d[k]|xs, ys,d[k − 1])max{
(1 − ǫ)f(yr,d[k]|xs, yr,d[k − 1]),
ǫ/(M − 1) max
xr∈X ,xr 6=xs
f(yr,d[k]|xr, yr,d[k − 1])}}.
Further, based on the observation that ǫ < 0.5 is sufficient
to ensure 1− ǫ > ǫ/(M − 1), we remove the constraint xr 6=
xs and finally develop the proposed near-optimal detector,
which is performed based on
xˆs =arg min
xs∈X
{Re{y∗s,d[k]ys,d[k − 1]xs}/(Nsd,1 +Nsd,2)+
min{Re{y∗r,d[k]yr,d[k − 1]xs}/(Nrd,1 +Nrd,2) + η,
min
xr∈X
Re{y∗r,d[k]yr,d[k − 1]xr}/(Nrd,1 +Nrd,2)}},
where η , log (1−ǫ)(M−1)ǫ . The complexity of this detector
is linear with respect to the modulation size M , because the
enumerations over xs and xr are decoupled.
B. Approximate SER for the Detector
Consider the case NIJ,1 = NIJ,2 = N0/2 for all links
hereafter for simplicity, and the instantaneous SNR of the I−
J link is defined as γI,J ,
Ps|hI,J |2
N0
. Denote the real Gaussian
random variables associated with the detection metric of the
I − d link, I ∈ {s, r}, as
ωI,d(z1, z2) =Re{y∗I,d[k]yI,d[k − 1](z2 − z1)}/N0
∼N (uI,d(z1, z2),WI,d(z1, z2)), (4)
and we have
uI,d(z1, z2) =TsLI,dRe{x∗I(z2 − z1)}
PI |hI,d|2
N0
, (5)
WI,d(z1, z2) ≈TsLI,d|z2 − z1|2PI |hI,d|
2
N0
. (6)
The mean in (5) can be obtained by substitutions. For the
approximate variance in (6), the approximation is due to
|yI,d[k]|2 =|
√
PITsLI,dhI,duI [k] + nI,d[k] + vI,d[k]|2
≈PITsLI,d|hI,d|2, (7)
where high order noise terms are ignored [18].
Using the defined variables in (4), an approximate SER
is derived in Appendix A, and presented in Proposition 1,
where γˇ , [γs,d, γr,d, γs,r], gs,d , sin
2
(
π
M
)
TsLs,d and
gr,d , sin
2
(
π
M
)
TsLs,rLr,d. PC(γˇ) and PE(γˇ) characterize
the conditional SER performances for the two scenarios where
the relay detects correctly and wrongly, respectively.
Proposition 1. The overall SER of the proposed near-optimal
detector is accurately approximately by PC(γˇ) + PE(γˇ) for
M > 2, and 12PC(γˇ) + 12PE(γˇ) for M = 2, where
PC(γˇ) ,2(1− ǫ)Q
(√
gs,dγs,d + ̺δgr,d|hs,r|2γr,d
)
+
2(1− ǫ)Q
(√
gs,dγs,d +
η
2
1√
gs,dγs,d
)
(8)
and
PE(γˇ) , 2ǫ
M − 1Q
(√
gs,dγs,d − η
2
1√
gs,dγs,d
)
+
2ǫQ
(√
gs,dγs,d
)
. (9)
Correspondingly, the overall average SER can be obtained
by averaging over the channel gains as PE + PC with Pt =
∫ Pt(γˇ)pγˇ(γˇ)dγˇ, where pγˇ(γˇ) denotes the joint probability
density function of γˇ. It is verified in Section V that the
proposed approximate SER expression is quite accurate for
not too low SNR values. Therefore, it is a good approximation
for the actual SER of the system, and will be used for the
SER analysis in the next section.
IV. SER ANALYSIS
A. SER Performance Trade-off
Useful insights can be drawn from the proposed approxi-
mate SER expression in various aspects. As an example, we
present the trade-off between the conditional SERs of the two
scenarios where the relay detects correctly and wrongly as a
function of ̺ in this subsection.
The EH relay system should take advantage of a S−R link
with good quality, and therefore here we assume sufficiently
high average SNR of the S − R link, then there is ǫ → 0
and η ≈ log 1ǫ →∞. In this case, PC(γˇ) and PE(γˇ) can be
further approximated using the dominating terms P˜C(γˇ) and
P˜E(γˇ), respectively, as
P˜C(γˇ) ,2(1− ǫ)Q
(√
gs,dγs,d + ̺δgr,d|hs,r|2γr,d
)
, (10)
P˜E(γˇ) , 2ǫ
M − 1Q
(√
gs,dγs,d − η
2
1√
gs,dγs,d
)
. (11)
We want to emphasize that both ǫ and η are functions
of ̺, and therefore P˜C(γˇ) and P˜E(γˇ) are functions of
̺. By proving in Appendix B that P˜C(γˇ) and P˜E(γˇ) are
monotonically decreasing and increasing in ̺, respectively, we
can see that there exists a trade-off between the conditional
SERs of the aforementioned two scenarios. One possible
explanation is that increasing the PS ratio ̺ will increase
the relay transmission power Pr. For scenario one where the
detection at R is correct, the reliability of the overall S−R−D
link is increased, and the error probability decreases, while
for scenario two where the detection at R is wrong, increasing
Pr encourages error propagation, which in turn undermines
the network reliability and increases the error probability.
The results suggest that a good trade-off can potentially be
achieved by adjusting ̺.
B. Optimized Power Splitting Ratio
Simulation results in [10] show that there is an optimal
value of ̺ that minimizes the SER. However, the task of
finding the closed-form expression for this optimal value
appears intractable. To address this issue, in this subsection,
we propose two methods to estimate this optimal PS ratio
off-line numerically.
One method is by calculating the minimum of the average
approximate SER, i.e., PE + PC , using software packages
such as cvx with MATLAB; see [19] for details. However,
double integral calculations are required. To save the compu-
tational effort, we propose a second method by equivalently
studying the zero of its derivative with respect to ̺, i.e., the
zero of ∂PC∂̺ +
∂PE
∂̺ .
Approximating Q(z) ≈ 12e−
z2
2 , z > 0, and after some
mathematical manipulations, we have for the average ap-
proximate SER that PC ≈ (1 − ǫ)(Z1 + Z2) and PE ≈
ǫZ3
M−1 +
ǫ
gs,dγ¯s,d+2
with Z1 = a1
√
2η exp(−2b1η), Z2 =
a2
̺ ln (1 + b2̺) and Z3 = exp(η)Z1. Then based on the chain
rule of derivative, we have
∂PC
∂̺
≈−
∂ǫ
∂̺
(Z1 + Z2) + (1− ǫ)
(
∂Z1
∂η
∂η
∂ǫ
∂ǫ
∂̺
+
∂Z2
∂̺
)
,
∂PE
∂̺
≈
Z3
M − 1
∂ǫ
∂̺
+
ǫ
M − 1
∂Z3
∂η
∂η
∂ǫ
∂ǫ
∂̺
+
1
gs,dγ¯s,d + 2
∂ǫ
∂̺
=
(
ǫ
M − 1
∂Z3
∂η
∂η
∂ǫ
+
Z3
M − 1
+
1
gs,dγ¯s,d + 2
)
∂ǫ
∂ρ(̺)
∂ρ(̺)
∂̺
,
where the function ρ(̺) is defined as ρ(̺) , 1−̺2−̺ ,
and some auxiliary variables not related to ̺ are de-
fined as a1 =
√
π(2gs,d)
−
1
4
4γ¯s,d
(
gs,d/2 + γ¯
−1
s,d
)− 3
4
, a2 =
2 Ps
N0
δgr,d(gs,dγ¯s,d+2)γ¯s,rγ¯r,d
, b1 =
1
4 +
√
gs,d/2+γ¯
−1
s,d
2
√
2gs,d
and b2 =
δgr,dγ¯s,rγ¯r,d
2 Ps
N0
. By further substitutions, we have that the deriva-
tive, i.e., ∂PC∂̺ +
∂PE
∂̺ , can be accurately approximated in
closed-form using
∂PC
∂̺
≈
(
a1
√
2η exp(−2b1η) + a2
̺
ln (1 + b2̺)
)
√
1 + ρ(̺)b3
ρ(̺)b3
−a3b3
2(1 + ρ(̺)b3)2(2 − ̺)2+
a1
ǫ
exp(−2b1η)
(
−b1
√
2η +
1
2
√
2η
)
√
1 + ρ(̺)b3
ρ(̺)b3
−a3b3
(1 + ρ(̺)b3)2(2− ̺)2+
(1− ǫ)
(
−a2
̺2
ln (1 + b2̺) +
a2b2
̺(1 + b2̺)
)
, (12)
∂PE
∂̺
≈
[
1
gs,dγ¯s,d + 2
+
a1
M − 1 exp(η) exp(−2b1η)((√
2η
2
− b1
√
2η +
1
2
√
2η
) −2
(1− ǫ) +
√
2η
)]
√
1 + ρ(̺)b3
ρ(̺)b3
a3b3
2(1 + ρ(̺)b3)2(2 − ̺)2 , (13)
where a3 = 1.03
√
1+cos pi
M
2 cos pi
M
, a4 =
1
gs,dγ¯s,d+2
and b3 = (1 −
cos πM )TLs,rγ¯s,r.
Numerical results in Section V show that the approximate
derivative is monotonically increasing with ̺ and has a unique
zero, which well matches the minimum of the simulated SER.
V. NUMERICAL AND SIMULATION RESULTS
In this section, numerical and simulation results are pre-
sented for evaluation. The near-optimal SER performance of
the proposed detector and the accuracy of the approximate
SER are shown. The accuracies of the proposed two ways
for estimating the optimal PS ratio are also validated. The
parameters are set based on [10]. The EH efficiency is set to
δ = 0.6 without otherwise stated, and we use the bounded
path-loss model as LI,J =
1
1+d2.7
I,J
to ensure that the path-
loss is strictly larger than one. The distances between the
nodes are set as ds,d = 3, and ds,r = dr,d = 1.5. The SER
performance is parameterized by the transmitter SNR defined
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Fig. 2: Comparison of different detectors and the proposed
approximate SER expression with respect to the SNR (dB)
when ̺ = 0.8, for the 3-node SWIPT-enabled DDF relay
networks with M -DPSK.
as SNR , Ps/N0. The transmission rate is set as R = log2M
for simplicity, which only depends on the modulation size M .
Fig. 2 compares the SER performances of our detector
and the state-of-the-art approximate MLD [10] for different
transmission rates (modulation sizes), when ̺ = 0.8 with
respect to the SNR (dB). The proposed approximate SER is
also simulated to show its accuracy. It is seen that the two
detectors show similar SER performance, and both achieve
the full diversity order of 2. Because it has been verified in
[10] that this approximate MLD is an excellent approximation
for the exact MLD, the results verify that our detector is near-
optimal. It is also notable that the approximate SER is quite
accurate for not too low SNR values.
Fig. 3 shows the simulated SER of the proposed detector,
approximate SER and derivative, for DBPSK with R = 1
(bps) at SNR = 30 dB and 8-DPSK with R = 3 (bps) at SNR
= 40 dB. To show the SER and the derivative simultaneously,
double y-axes is used with the SER value on the left y-
axis and the derivative value on the right. There are several
observations that can be made from Fig. 3. The first is that
the simulated SER has a unique minimum. The second is
that the proposed approximate SER is quite accurate for all
̺ ∈ (0, 1) considered, and also shows a unique minimum. The
third is that the derivative is monotonically increasing from
negative to positive with ̺, which suggests that the proposed
approximate SER is convex in ̺. Most notably, it is seen that
the minimums of the simulated and approximate SERs and
the zero of the approximate derivative are approximately the
same (up to the second decimal digit). The optimal values are
approximately 0.78 and 0.84, respectively, for M = 2 and 8.
Therefore, both the approximate SER and derivative can be
used to estimate the optimal PS ratio accurately.
Fig. 4 compares the simulated SER for different values of
the EH efficiency δ = 0.15, 0.4, 0.6 and 1 using our detector.
The modulation is 8-DPSK and SNR = 40 dB. It can be
observed that for a fixed ̺ ∈ (0, 1), the SER decreases with
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Fig. 3: The simulated SER of the proposed detector and the
proposed approximate SER and derivative with respect to
the PS ratio ̺, for the 3-node SWIPT-enabled DDF relay
networks with M -DPSK.
δ. This is possibly because as δ increases, R is capable of
harvesting more power from the same received signals, and
therefore the overall SER performance is improved. It is also
notable that increasing the EH efficiency δ will shift the
optimal value of ̺ to left. An interpretation of this is that as
δ increases, R becomes more energy efficient, and therefore
a smaller value of ̺ is needed to maintain the same reliability
as that of the previous.
VI. CONCLUSION
In this paper, we have proposed a near-optimal detector
with linear complexity with respect to the modulation size,
and developed new SER performance results for the SWIPT-
enabled PS-based DDF relay network. The state-of-the-art
detectors are the MLD and the approximate MLD derived in
[10]. They serve as good performance benchmarks. However,
their performance analysis results are not available in the
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̺
10-3
10-2
10-1
S
E
R
δ = 0.15
δ = 0.4
δ = 0.6
δ = 1
Fig. 4: Comparison of the SER for different EH efficiency δ
with respect to the PS ratio ̺, using the proposed detector
with 8-DPSK at SNR = 40 dB.
literature, possibly due to the complicated non-closed-form
detection metrics involving functions such as the modified
Bessel function. Our proposed detector has a closed-form
metric, and its SER performance has been compared favor-
ably with the approximate MLD. We have also proposed
an approximate SER expression for our detector, and this
expression has been shown to be rather accurate for all values
of the PS ratio ̺ considered, for not too small SNR values.
Through analyzing this expression, we have presented the
trade-off between the conditional SERs of the two scenarios
where the relay detects correctly and wrongly as a function
of ̺. The results suggest that a good trade-off can potentially
be achieved by adjusting ̺. Moreover, we have proposed two
methods for accurately estimating the optimal PS ratio that
minimizes the SER. One is by finding the minimum of the
explicit-form average approximate SER expression, which is
straightforward but double integral calculation is need and is
computationally expensive. The other is through finding the
zero of the derived closed-form approximate derivative of the
average approximate SER. Both methods have been verified
to be quite accurate by simulations.
APPENDIX
A. Proof of Proposition 1
Without loss of generality, assume x1 is the source symbol
and is wrongly detected to xv at D. Two competing symbol
pairs are denoted as (x1, xr) and (xv, xu), xv 6= x1.
For the scenario where the relay detects correctly, we have
xr = x1. The problem of obtaining the dominating PEP terms
can be formulated as
max
xv ,xu
{Pr[ωs,d(x1, xv) + ωr,d(x1, xv) > 0],
Pr[ωs,d(x1, xv) + ωr,d(x1, xu) > η]}
s. t. (xv , xu) ∈ X 2, xv 6= x1, xu 6= xv. (14)
Our approach is to take all possible solutions to (14) to
formulate an approximate conditional SER expression PC(γˇ).
To maximize the first term in the objective, based on (5)
and (6), we should maximize
Pr[ωs,d(x1, xv) + ωr,d(x1, xv) > 0]
≈Q
(√
−us,d(x1, xv)− ur,d(x1, xv)
2
)
, (15)
and equivalently we should minimize −us,d(x1, xv) −
ur,d(x1, xv). Based on some calculations, we can obtain two
possible solutions as xv ∈ {x2, xM}. Similarly to maximize
the second term, the problem is re-formulated as
min
xv ,xu
√
−us,d(x1, xv)− ur,d(x1, xu)+
η√−us,d(x1, xv)− ur,d(x1, xu)
s. t. (xv, xu) ∈ X 2, xv 6= x1, xu 6= xv. (16)
We make the assumption that x1 is wrongly detected to its
nearest neighbors at D in this case, which is well justified
when the relay detects correctly. After some calculations, the
solution set is obtained as xv ∈ {x2, xM}, xu = x1. Finally,
PC(γˇ) can be obtained using all dominating PEP terms.
For the scenario where the relay detects wrongly, similarly
to the previous case, we take all possible solutions to (17) and
(18), respectively, to formulate an approximate conditional
SER expression PE(γˇ).
max
xv,xu
Pr[ωs,d(x1, xv) + ωr,d(xr, xu) > 0]
s. t. (xv, xu) ∈ X 2, xv 6= x1, xu 6= xv. (17)
max
xv
Pr[ωs,d(x1, xv) + ωr,d(xr, xv) > −η]
s. t. xv ∈ X , xv 6= x1. (18)
After some calculations, the possible solutions are obtained
as xv ∈ {x2, xM}, xu = xr , xu 6= xv , and xv = xr, xv ∈
{x2, xM}, for (17) and (18), respectively. PE(γˇ) can be
obtained accordingly.
B. Proof of Monotonicity of P˜C(γˇ) and P˜E(γˇ)
Based on the expressions of ǫ and η, there is ∂ǫ∂̺ >
0 and ∂η∂̺ < 0. For P˜C(γˇ), since both 1 − ǫ and
Q
(√
gs,dγs,d + ̺δgr,d|hs,r|2γr,d
)
are positive and monoton-
ically decreasing in ̺, P˜C(γˇ) is monotonically decreasing in
̺. By taking the derivative of P˜E(γˇ) with respect to ̺, we
have
∂ P˜E(γˇ)2
M−1
∂̺
=
− exp
(
− z202
)
2(1− ǫ)√2πgs,dγs,d
∂ǫ
∂̺
+Q (z0)
∂ǫ
∂̺
, (19)
where z0 =
√
gs,dγs,d − η2√gs,dγs,d
η→∞≈ − η2√gs,dγs,d < 0 .
An accurate approximation as Q(z0) ≈ 112 exp
(
− z202
)
+
1
4 exp
(− 23z20) , z0 > 0 is applied to (19), then to prove
∂P˜E(γˇ)
∂̺ > 0 is equivalent to prove
1
2
√
2πgs,dγs,d
exp
(
− z202
)
1− 112 exp
(
− z202
)
− 14 exp
(− 23z20) < 1− ǫ. (20)
For the left side of (20), when η →∞, it can be approximated
as 1
2
√
2πgs,dγs,d
exp
(
− z202
)
, of which the value approaches
0, while the value of the right side of (20) approaches 1.
Therefore (20) holds.
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